2 þ signals generated by inositol 1,4,5-trisphosphate receptors (IP 3 Rs) are crucial for cellular processes such as apoptosis and differentiation. However, the exact roles of IP 3 Rs and their contributions to Ca 2 þ signals in pluripotent embryonic stem (ES) cell behaviors remain largely unknown. In this study, we showed that the expression of type 3 IP 3 R (IP 3 R3) was transiently downregulated with a concomitant increase in apoptosis at the early differentiation stage of murine ES cells. Knockdown of IP 3 R3 by small interfering RNA increased apoptosis in differentiating cells but not in undifferentiated ES cells. Moreover, IP 3 R3 overexpression had the opposite effect. Consistently, IP 3 R3 knockdown altered Ca 2 þ oscillations in differentiating cells but not in undifferentiated ES cells. The apoptosis in differentiating IP 3 R3-knockdown cells was decreased by chelating intracellular Ca 2 þ with BAPTA-AM and increased in control ones. Furthermore, IP 3 R3 knockdown led to a suppression of the expression of mesodermal and mesoendodermal but not ectodermal markers. The differentiation suppressions were further confirmed by the impaired differentiation of mesodermal and some of the endodermal but not ectodermal derivatives. Such defects were partially because of the increased apoptosis in Flk-1 þ cells. These findings provide the first demonstration of the important role of IP 3 R3 in the regulation of apoptosis in early differentiating ES cells and subsequent lineage commitments through modulation of Ca 2 þ signals.
Embryonic stem (ES) cells, derived from the inner cell mass of preimplantation embryo, 1, 2 are pluripotent cells having the ability to differentiate into derivatives of all three germ layers (endoderm, mesoderm, and ectoderm) in vitro. 1, 3 Such differentiation is concomitant with the reduction of proliferation and the occurrence of spontaneous apoptosis, 4, 5 an essential process for the formation of cavities during embryogenesis in vivo. 6 Thus, ES cells recapitulating the early stages of lineage differentiation and spontaneous apoptosis represent an appropriate model to study the regulatory mechanisms underlying early embryogenesis. 7 Intracellular Ca 2 þ oscillation has crucial roles in regulation of various cellular processes including proliferation, 8, 9 differentiation, [10] [11] [12] and apoptosis. 8, 13 Cells generate their Ca 2 þ signals by using both internal and external sources of Ca 2 þ . Inositol 1,4,5-trisphosphate receptors (IP 3 Rs) are predominant intercellular Ca 2 þ release channels on the internal Ca . Three days after withdrawal of leukemia inhibitory factor (LIF), approximately 30% of differentiated mouse (m) ES cells die by apoptosis. 5 Blocking this spontaneous apoptosis by a p38 mitogen-activated protein kinase inhibitor leads to an alteration of expression of differentiation markers and increased expression of the anti-apoptotic protein Bcl-2, Bcl-X L , and Ca 2 þ -binding proteins, 14 indicating an important role of a correct apoptotic process in the regulation of ES cell differentiation and a possible role of Ca 2 þ signals in the regulation of apoptosis. Indeed, in many other cell types, such as lymphocytes or HEK293, Ca 2 þ signals regulated by IP 3 Rs have been reported as a pro-apoptotic 13, 15 or an anti-apoptotic mediator when anti-apoptotic factor Bcl-X L is expressed. 16, 17 However, the precise role of IP 3 Rs in the regulation of apoptosis during early ES cell differentiation is unknown.
There are three subtypes of IP 3 Rs in mammalian cells, sharing high similarity (70-80%) in their primary sequences, but expressing to varying degrees in individual cell types and differing in molecular properties in many respects such as affinities for IP 3 and Ca 2 þ . 18, 19 Type 1 IP 3 R (IP 3 R1) is predominantly expressed in brain tissue 20 and has a critical role in brain functions 21 and neural development. 22 The other two subtypes, type 2 and 3 IP 3 R (IP 3 R2 and IP 3 R3), are expressed in various tissues and cell lines, 19 but their exact functions are difficult to assess because of their co-expression in tissues and the lack of selective inhibitors. Several pieces of evidence have shown that early embryonic development is disrupted by pharmacological 10, 12 or antibody blockages 11 of IP 3 Rs and phospholipase C, suggesting that IP 3 -induced Ca 2 þ release is required for the early embryonic development in vertebrates. However, it is not clear to what extent the distinct IP 3 R subtypes contribute to the complex Ca 2 þ signals during embryogenesis. Recent studies showed that the expression level of IP 3 R3 increases after fertilization in zebrafish, 12 indicating a possible involvement of IP 3 R3 in the regulation of Ca 2 þ signaling during early embryo development. IP 3 R3 is also detected in mES cells 23, 24 and it has been shown to mediate Ca 2 þ oscillations related to cell cycle regulation. 24 However, little is known regarding the exact function of IP 3 R3 in undifferentiated and differentiating ES cells.
In this study, combining with specific RNA interference (small interfering RNA (siRNA)) and overexpression of IP 3 R3, we analyzed the expression profile and roles of IP 3 R3 during early differentiating mES cells. Our results have revealed novel roles of IP 3 R3 in the regulation of intracellular Ca 2 þ oscillations and the biophysical functions in the apoptosis of early differentiating ES cells and the subsequent cell lineage commitment.
Results
Expression patterns of IP 3 R3 in undifferentiated and differentiating ES cells. We first tested differentiating mES cell cultures for the expression profile of IP 3 R3. As shown in Figure 1a , the expression of IP 3 R3 mRNA and protein was higher in undifferentiated ES cells, while the expression levels decreased by 45% in mRNA and by 60% in protein at the first day of differentiation on withdrawal of LIF and feeder layers, and then gradually returned to the level observed in the undifferentiated ES cells around differentiation day 7, suggesting an important role of IP 3 R3 during ES cell differentiation.
Characteristics of IP 3 R3-siRNA (siIP 3 R3) ES cell lines. To identify the role of IP 3 R3, we then generated stable mES cell lines with downregulated expression of IP 3 R3 by siRNA against IP 3 R3 (siIP 3 R3a, Figure 1b) ; RT-PCR and western blot analysis showed that the negative control siRNA against enhanced green fluorescent protein (siEGFP) did not affect the expression of three subtypes of IP 3 Rs, while the siIP 3 R3a inhibited the expression of IP 3 R3 but not IP 3 R1 and IP 3 R2. Compared with the wild-type (wt) or siEGFP ES cells, the expression of IP 3 R3 in siIP 3 R3a mES cell lines (clones 4 and 2) was decreased by 40-50% at the RNA level ( Figure 1c , left panel) and by 75-80% at the protein level (Figure 1c, right panel) . During differentiation processes, the expression pattern of IP 3 R3 in IP 3 R3-knockdown cells (clones 2 and 4) was similar to that in control cells, although the expression levels at each time point examined were much lower than those of the control cells (Supplementary Figure 1) .
To determine whether IP 3 R3 regulates self-renewal, proliferation, and apoptosis in ES cells, we compared these characteristics between undifferentiated wt and siIP 3 R3a ES cells. No significant differences in the alkaline phosphatase (ALP) activity (Figure 2a ) and in the transcripts of pluripotency markers Oct-4, Nanog, and Rex-1 ( Figure 2b ) were detected among undifferentiated wt, siEGFP, and siIP 3 R3a ES cells. Western blot and flow cytometry analysis further confirmed that the expression levels of pluripotency markers Oct-4 and stage-specific embryonic antigen 1 (SSEA-1) were similar among these cells (Figure 2c ). In addition, MTT assay showed that undifferentiated siIP 3 R3a ES cells had similar cell viability as wt and siEGFP cells (Figure 3a , left panel). Taken together, these data suggest that IP 3 R3 knockdown does not affect the self-renewal of ES cells.
IP 3 R3 regulates apoptosis in differentiating ES cells. We then analyzed the roles of IP 3 R3 during the spontaneous differentiation process. Compared with the wt and siEGFP ES cells, differentiating siIP 3 R3a ES cells had lower cell viability during examination on differentiation days 3 to 6 ( Figure 3a , right panel). This was consistent with the decreased population of siIP 3 R3a ES cells observed on differentiation day 3 ( Figure 3b ). To determine the basis of this growth defect, we then analyzed the changes in proliferation and apoptosis in the differentiating cells. The numbers of bromodeoxyuridine (BrdU)-labeled cells in wt, siEGFP, and two siIP 3 R3a cell lines on differentiation day 3 were not significantly different when examined by confocal microscopy ( Figure 3c ) and flow cytometry analysis (Figure 3d ). Flow cytometry analysis of each cell line on propidium iodide (PI) staining revealed no difference in cell cycle distribution among the cell lines, although the percentage of cells in S-G 2 -M stages gradually decreased on differentiation (Figure 3e ). These data show that IP 3 R3 downregulation decreases cell viability without affecting cell proliferation rates.
To determine whether the lower viability observed in the differentiating siIP 3 R3a ES cells is related to the increased apoptosis in early ES cell differentiation, we then compared apoptotic parameters among wt, siEGFP, and siIP 3 R3a ES cells. Annexin V (an early apoptosis marker)-FITC staining analysis showed similar apoptotic rates (B6%) among undifferentiated cell lines, while apoptotic cells increased in siEGFP cells at differentiation day 3 and further increased in both siIP 3 R3a cell lines compared with wt and siEGFP cells at differentiation day 3 ( Figure 4a ). Terminal deoxynucleotidyltransferase-mediated dUTP-biotin nick end labeling (TUNEL) staining assay also showed that the siIP 3 R3a cells had up to twofold increases in apoptosis compared with the wt and siEGFP cells at differentiation day 3 ( Figure 4b ). The findings suggest that IP 3 R3 downregulation does not affect the proliferation potential of differentiating ES cells, but it leads to an increase in apoptosis during differentiation, thereby conferring a growth defect on siIP 3 R3a cells.
It has been shown that spontaneous apoptosis observed in differentiating mES cells is associated with the cleavage of caspase-3.
5, 14 We thus evaluated caspase-3 activity by CaspACETM colorimetric assay system and western blot analysis. The siIP 3 R3a cells had higher activities of caspase-3 ( Figure 4c , left panel) as well as more total and cleaved caspase-3 proteins on differentiation day 3 ( Figure 4c , right panel). The expression of other apoptotic marker proteins, Bax and puma a, and release of cytochrome c, the factors involved in mitochondrial apoptosis pathway, were also increased in siIP 3 R3a cells on differentiation day 3 ( Figure 4d ). (Figure 4f ) and TUNEL þ cells (Figure 4g ) compared with the control siEGFP cells on differentiation day 3. In contrast, the cells expressing IP 3 R3wt (rat wt IP 3 R3 inserted into pCB6 vector) had less apoptosis compared with the cells transfected with control pCB6 vector (Figures 4f and g ).
Alteration of cytosolic Ca
2 þ signals generated by IP 3 R3 knockdown leads to increased apoptosis. We further examined the mechanism of increased apoptosis in siIP 3 R3 Figure 2) . However, the Ca 2 þ signal patterns were markedly different between the control and Knockdown of IP 3 R3 impairs in vitro differentiation of the mesoderm and endoderm. To analyze whether IP 3 R3 also affects lineage-specific differentiation, the siIP 3 R3a cells were induced to differentiate into three primary germ layers and their derivatives by the formation of embryoid bodies (EBs). The EBs formed from siIP 3 R3a cells were smaller than those formed from wt or siEGFP cells after 2-day hanging drop culture ( Figure 6a , day 2). However, after suspension culture for another 4 days, the siIP 3 R3a EBs swelled and became much larger than the control ones ( Figure 6a , day 6). The Q-PCR analysis showed that the expression of undifferentiated marker genes Oct-4 and Rex-1 gradually decreased during ES cell differentiation, but without difference among the wt, siEGFP, and two siIP 3 R3a cell lines (Figure 6b ). It is noteworthy that the expression patterns of early endodermal markers Gata4 and Gata6, and ectodermal markers Fgf5 and nestin in siIP 3 R3a cells were similar to those in wt and siEGFP ES cells (Figure 6b ). However, the expressions of early mesodermal or mesendodermal markers brachyury (T), goosecoid (Gsc), Flk1, and Hand1 were much lower in siIP 3 R3a cells than in control cells in the indicated days ( Figure 6c ).
Next, we compared the in vitro differentiation of neuronal cells (ectoderm), cardiomyocytes, adipocytes, and cartilage cells (mesoderm), and endodermal cell types from wt, siEGFP, and two lines of siIP 3 R3 cells. The expression of neuronal-specific markers 26 microtubule-associated protein 2 (MAP2) as well as class III-tubulin (Tuj1) and neurofilament genes (NF-M) remained unchanged after IP 3 R3 knockdown (Supplementary Figure 3a) . It was further confirmed by immunofluorescence analysis of MAP2 and Tuj1 that downregulation of IP 3 R3 did not affect the neuronal differentiation (Supplementary Figure 3b) . All experiments were repeated at least three times
As expected, the percentage of contracting EBs (characteristics of cardiomyocytes) was much lower in IP 3 R3-knockdown cells than in wt and siEGFP cells (Figure 7a) . Similarly, the expressions of genes encoding the early cardiac transcription factors myocyte enhancer factor 2C (Mef2c) and NK2 transcription factor (Nkx2.5) as well as cardiac cytoskeletal proteins myosin heavy chain a (aMHC) and myosin light chain-2v (MLC-2v) were significantly lower in siIP 3 R3a cells compared with those in control cells (Figure 7b ). The immunofluorescence analysis confirmed much higher expression levels of cardiac cytoskeletal protein a-actinin and MLC-2v in wt and siEGFP EBs than in the siIP 3 R3a ones ( Figure 7c ). In addition, to determine whether siIP 3 
R3 ES cells can differentiate into Flk1
À mesodermal lineages other than cardiomyocytes from Flk1 þ mesodermal lineages, ES cells were induced to differentiate into adipogenic or chondrogenic lineage from Flk1 À mesodermal lineages. 27 Alican blue-positive cartilage cells indicate that downregulation of IP 3 R3 appears to affect mesodermal and some of the endodermal differentiation, but not ectodermal differentiation.
Relationship between the increased apoptosis and the differentiation defect in IP 3 R3 knockdown cells. As shown above, the increased apoptosis is accompanied by defected mesodermal and endodermal differentiation with the IP 3 R3 knockdown. Next, we examined whether the IP 3 R3-knockdown-caused differentiation defect is due to the increased apoptosis. As the size of EBs could affect ES cell differentiation, 34 we therefore increased the initial cell numbers from 600 to 800 cells/20 ml in hanging drop stage to match the size of siIP 3 R3a EBs with that of the control ones (Figure 8a ). However, siIP 3 R3a EBs at an initial density of 800 cells/20 ml still had a lower percentage of cardiomyocyte differentiation compared with the control siEGFP cells at an initial density of 600 cells/20 ml (Figure 8b) (Figure 8d ). The data suggest that more Flk-1 þ cells tend to undergo apoptosis after downregulation of IP 3 R3. As IP 3 R3 downregulationenhanced apoptosis is prevented by the Ca 2 þ chelator BAPTA-AM, we further analyzed whether it could rescue the expression of mesodermal and mesendodermal markers in siIP 3 R3 cells. As shown in Figure 8e , after the addition of BAPTA-AM, the expression of mesodermal and mesendodermal markers was rescued in siIP 3 R3 cells but suppressed in control cells, whereas the expression of ectodermal and endodermal markers examined remained unchanged in both cell types. These data were consistent with the observation of BAPTA-AM-dependent alteration of apoptosis (Figures 5c and d) , and suggest that IP 3 R3 downregulation-increased apoptosis at least partially contributes to the subsequent suppression of mesodermal and mesendodermal differentiation.
Discussion
The release of intracellular Ca 2 þ through either IP 3 Rs or ryanodine receptors (RyRs) activates a wide variety of signaling pathways in virtually every type of cell. 8, 9 Generally, IP 3 Rs are main intracellular Ca 2 þ channels in non-excitable cells, while RyRs contribute to internal Ca 2 þ release in excitable cells, such as cardiac and neuronal cells. 35 Consistently, as non-excitable cells, undifferentiated ES cells express three subtypes of IP 3 Rs (Figure 1c) but not RyRs. 23, 36 However, little is known regarding the specific function of each IP 3 R subtype in the self-renewal and differentiation of ES cells. Here, we revealed the novel roles of IP 3 R3 in the regulation of apoptosis of differentiating mES cells and cell lineage commitment. We also showed a relatively higher expression of IP 3 R3 in undifferentiated ES cells, but IP 3 R3 knockdown does not affect the characteristics of these cells. Although IP 3 Rs-mediated Ca 2 þ oscillations are involved in cell cycle progression through G 1 /S phases in mES cells based on the pharmacological interference, 24 alterations of Ca 2 þ oscillations by IP 3 R3 knockdown are only observed in differentiating but not undifferentiated ES cells. This observation is consistent with the unchanged apoptosis and selfrenewal properties of these cells. These results indicate that the contributory roles of IP 3 R3 in mediating Ca 2 þ oscillations differ between undifferentiated and differentiating ES cells. The exact mechanism responsible for this discrepancy needs to be clarified in future.
One important finding of this study is the negative regulation of apoptosis by IP 3 R3 during the early differentiation stage of ES cells. This effect seems to be associated with the alternation of Ca 2 þ signals as the increased apoptosis is accompanied by elevated Ca 2 þ signals in differentiating cells with IP 3 R3 knockdown. In addition, chelating cytosolic Ca 2 þ signals by BAPTA-AM decreases the cleavage of caspase-3 and apoptosis in siIP 3 R3 cells ( Figure 5 ). These findings are consistent with the previous observation that elevated cytosolic Ca 2 þ signaling could lead to apoptotic responses by triggering an elevated mitochondrial matrix Ca 2 þ concentration, and thereby enable the release of apoptotic signaling molecules, such as cytochrome c, 25 and activate the caspases. 25 signals in control cells may be responsible for apoptosis protection. In agreement with our results, the similar pattern of (Ca 2 þ ) i signals observed in the control cells has been shown to confer apoptosis resistance. 17 As differential Ca 2 þ signals, including the signal initiation, the amplitude and frequency of Ca 2 þ signals, as well as the duration of the Ca 2 þ elevation, may lead to different biological effects, 43 the different Ca More detailed studies are needed to clarify these possibilities. IP 3 R3 appears to participate actively in apoptosis in a diversity of cell types, but its role in apoptosis is rather controversial. It has been shown that IP 3 R3 preferentially mediates apoptosis in some lymphocytes and CHO cells, 13, 15, 44 whereas it increases cellular apoptotic resistance in the presence of anti-apoptotic factor Bcl-X L in DT40 cells. 16, 17 Therefore, the functional regulation of IP 3 R3 in apoptosis may be dependent on the different modulators of IP 3 Rs in the individual cells. It is noteworthy that the expression profile of Bcl-X L is extremely similar to that of IP 3 R3 (Supplementary Figure 5) . It would be anticipated, therefore, that the relatively higher expression levels of Bcl-X L and IP 3 R3 in undifferentiated ES cells have an anti-apoptotic effect, while the lower expression levels of Bcl-X L and IP 3 R3 sensitize mES cells to apoptotic insults during the early differentiation stage. Future studies are needed to elucidate the regulation of Bcl-X L on IP 3 R3 in differentiating ES cells.
Consistent with the previous reports, 5,14 the apoptosis on differentiation day 3 increases compared with that of undifferentiated ES cells. The increased apoptosis observed in IP 3 R3 knockdown differentiating cells is accompanied by the lower expression of early mesodermal and mesendodermal markers but not early endodermal and ectodermal markers. Such lineage defection may be due to the increased apoptosis caused by IP 3 R3 knockdown or due to a direct role of IP 3 R3 on the differentiation other than apoptosis, or both. We found that the BAPTA-enhanced apoptosis in control cells is accompanied by the downregulation of expressions of mesodermal and mesendodermal markers. Consistently, the suppression of apoptosis by BAPTA in siIP 3 R3 cells is accompanied by the rescue of these markers (Figure 8e) . These results suggest a correlation between the apoptosis and mesodermal and mesendodermal differentiation. This hypothesis is supported by the observation that the proportion of early apoptotic cells (Annexin V þ ) increases in Flk-1 þ (the early mesodermal marker 27 ) cells after IP 3 R3 knockdown. Taken together, these data suggest that the lower expression of early mesodermal markers and defected differentiation of mesodermal derivatives are at least partially because of the increased apoptosis in siIP 3 R3 cells. In addition, the siIP 3 R3 ES cells have defects in differentiation of some of the endodermal derivatives, in spite of the expression of analyzed early markers of the endoderm remaining unchanged. This might be due to the loss of some mesendodermal progenitors, such as Gsc þ cells, because these cells could further differentiate into definitive endodermal derivatives. 45 Another probability is that IP 3 R3 may have a direct effect on the later differentiation of endodermal derivatives. These possibilities need to be analyzed further. Interestingly, the roles of IP 3 R3 in the regulation of apoptosis and differentiation are not observed in the ectodermal differentiation. Moreover, the expression of ectodermal and endodermal markers at the early differentiation stage is not affected by BAPTA-AM at a concentration affecting the expression of mesodermal and mesendodermal markers in both control and siIP 3 R3 cells (Figure 8e) . Thus, the apoptosis regulated by IP 3 R3 through the alteration of Ca 2 þ signals may not occur in the cells expressing these markers. Taken together, these observations suggest a specific function of IP 3 R3 in the regulation of mesodermal and mesendodermal differentiation.
In conclusion, our findings for the first time show that IP 3 R3 negatively regulates apoptosis by the alteration of Ca 2 þ oscillation patterns during early mES differentiation. Such effects at least partially contribute to the subsequent mesodermal and mesendodermal differentiation. These findings suggest that a proper apoptotic process during ES cell differentiation is critical for the cell lineage commitment and IP 3 R3 might be one of these important regulators. The precise regulation of IP 3 R3 and its signaling pathways related to the apoptosis and lineage-specific differentiation of ES cells remains to be elucidated.
Materials and Methods ES cell culture, in vitro differentiation, and transfection. Undifferentiated R1 ES cells were maintained on mitomycin C-inactivated mouse embryonic fibroblast (MEF) feeder layers in the presence of LIF as described earlier. 46 For spontaneous differentiation of ES cells, trypsinized cells were plated on gelatin-coated culture dishes for 30 min to remove MEFs and then non-adherent cells consisting mainly of ES cells were re-placed onto gelatin-coated 35-mm culture dishes at a density of 2000 cells/cm 2 and cultivated in ES cell basic medium without LIF and feeder layers.
Differentiation of mES cells into visceral endodermal cells, cardiomyocytes, chondrocytes, adipocytes, and neurons was initiated by a hanging drop technique as described earlier. 47 Briefly, ESCs were trypsinized and cultivated as EBs using a hanging drop method in the absence of LIF for 2 days, followed by a 5-day suspension cultivation. Then EBs were plated onto gelatin-coated tissue culture dishes. Differentiated visceral endoderm cells with the characteristics of columnar morphology appeared on the periphery of EBs. 48, 49 Cardiomyocytes appeared in the form of spontaneously contracting cell clusters and chondrogenic differentiation was detected by Alcian blue staining. For optimal adipogenic differentiation, day 8 EBs were plated on gelatin-coated dishes and cultured with combinations of the following supplements: dexamethasone (10 mm)/b-glycerophosphate (10 mM)/ ascorbic acid (50 mg/ml), insulin (85 nM)/triiodothyronine (2 nM) as described earlier. 50 Neuronal differentiation of ES cells was induced based on the method described earlier. 51 EBs were formed in hanging drop for 2 days, followed by a 6-day suspension cultivation. All-trans retinoic acid (Sigma, St. Louis, MO, USA) was added during the last 4 days of suspension culture. The 8-day EBs were dissociated into a single cell and then plated onto gelatin-coated over slips in neuronal basal medium (modified MEM containing 10% F12, 2% B27, 1% N2, and 100 mg/ml bovine serum albumin) for further 4-8 days cultivation. All cultivation medium and other substances or cell culture were from Invitrogen-Gibco (Carlsbad, CA, USA) except where indicated.
For transient transfection, R1 ES cells were plated at a density of 3 Â 10 5 cells/35-mm diameter well after 3-5 h of culture and transfected using the Lipofectamine 2000 reagent (Invitrogen) according to the manufacturer's instructions (six-well plates). The apoptotic rate was evaluated with flow cytometry at 72 h after transfection.
RNA interference and overexpression. To make double-stranded siRNA vectors specific for IP 3 R3, two independent 19 bp sequences (siIP 3 R3a, 5
0 -TgTCCAg CTTTCTTCACAT-3 0 and 5 0 -ATgTgAAgAAAgCTggACA-3 0 , and siIP 3 R3b, 5 0 -CTgCAA CACCAgCTggAAg-3 0 and 5 0 -CTTCCAgCTggTgTTgCAg-3 0 ) 38 were cloned into the pTER þ vector. 52 Control siRNA vector was made by selecting 19 bp sequences in the coding region of EGFP gene (5 0 -GGCTACGTCCAGGAGCGCA-3 0 ). 53 The R1 ES cells were transfected with siIP 3 R3a or siEGFP plasmids by electroporation, and selected by zeocin (Invitrogen) 30 mg/ml. Single clones were picked and amplified.
For IP 3 R3-overexpression experiment, the full-length IP 3 R3 (rat) cDNA in pCB6 þ (IP 3 R3wt) was obtained from Dr. GI Bell. The vector pCB6 was used as a control in the experiment. Cell viability proliferation and cell cycle analysis. Cell viability was assessed by 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium-bromide (MTT) reduction. ES cells were plated at 1000 cells per well in 96-well plates and cultured for 6 days in the presence or absence of LIF and feeder cells. At the indicated times, 20 ml of 5 mg/ml MTT was added, and the cells were incubated for 4 h in a CO 2 incubator. The reagent was reduced by living cells to form an insoluble blue formazan product. After the incubation period, cells were washed with PBS, solubilized with DMSO, and quantified using an enzyme-linked immunosorbent assay reader at the absorbance of 570 nm.
Cell proliferation was determined by measuring the incorporation of BrdU. ES cells were spread without feeder cells and grown in ES cell medium with 100 mM BrdU (Sigma-Aldrich, St Louis, MO, USA) for 30 min. BrdU incorporation was detected by a fluorescence microscope or flow cytometry using an anti-BrdU FITC-conjugated (Becton Dickinson, San Jose, CA, USA) monoclonal antibody. For cell cycle analysis, asynchronously growing ES cells were fixed with ethanol and stained with 50 mg/ml PI containing 0.1 mg/ml RNase A (both from Sigma-Aldrich). 54 Cells were analyzed by flow cytometry to determine G1, S, and G2/M cell cycle distribution (FACStar Plus Flow Cytometer, Becton-Dickinson).
Apoptosis assays. Annexin V staining was used to define the early levels of apoptosis for each ES cell clone. Undifferentiated ES cells and differentiating ES cells at day 3 were harvested and stained with FITC-labeled Annexin V (Annexin V-FITC, BD Biosciences) for flow cytometric analysis. Cells were trypsinized and single-cell suspensions (10 5 cells/clone) were stained with 0.5 mg/ml PI and Annexin V-FITC (dilution 1 : 20) according to the manufacturer's instructions.
TUNEL staining was performed with the in situ Cell Death Detection kit (Roche Diagnostics, Mannheim, Germany). Differentiating ES cells were fixed and incubated with TUNEL reaction mixture according to the manufacturer's instructions. The TUNEL signal was detected by a microscope and flow cytometric analysis separately.
Measurement of caspase-3 activity. Caspase-3 activity was measured using the CaspACETM colorimetric assay system (Promega) according to the manufacturer's instructions. Briefly, cells were harvested and resuspended in cell lysis buffer (2 Â 10 7 /ml) on differentiation day 3. Lysates were centrifuged (16 000 Â g) for 10 min at 4 1C. Then, 10 ml of supernatant was mixed with 80 ml of assay buffer and 10 ml of 2 mM Asp-Glu-Val-Aspp-nitroanilide substrate. After incubation at 37 1C for 2-4 h, absorbance was measured using a microplate reader at 405 nm. The absorbance of each sample was determined by subtracting the mean absorbance of the blank from that of the sample.
Ca
2 þ imaging. Cells were loaded with 2 mM of Flue4-AM (Molecular Probes, Eugene, OR, USA) for 15 min at 37 1C, and then de-esterification of the dye was allowed for another 15 min. 24 Ca 2 þ imaging was performed using a Leica TCS SP2 confocal laser scanning microscope with appropriate fluorescence filters at room temperature. Data are expressed as F/F 0 , where F is the absolute fluorescence value in an area of interest and F 0 is the resting fluorescence recorded under steady-state conditions. Confocal whole cell images were taken at a time interval of 5 s.
Reverse transcription (RT)-PCR. Total RNA was extracted from the cells using TRIzol (Invitrogen) and transcribed into cDNA using oligo (dT) and ReverTra Ace reverse transcriptase (Toyobo, Osaka, Japan). The PCR primers are listed in Table 1 and  Supplementary Table 1 . Samples were amplified in the linear range by PCR. The PCR products were size-fractionated by 1-1.5% agarose gel containing ethidium bromide.
Quantitative RT-PCR (Q-PCR). Total RNA was extracted from cells and analyzed by kinetic real-time PCR using the ABI PRISM 7900 system (Applied Biosystems, Foster City, CA, USA) with SYBR Green PCR core reagents (Applied Biosystems) for relative quantification of the indicated genes. The transcript of glyceraldehyde 3-phosphate dehydrogenase (GADPH) was used for internal normalization. The Q-PCR primers are listed in Table 2 .
Immunoblot analysis. The cells were lysed in a ice-cold lysis buffer containing 50 mM Tris-Cl, pH 7.5, 100 mM NaCl, 1 mM EDTA, 1% TritonX-100, 1 mM PMSF, 1 mg/ml leupeptin, and 1 m/ml pepstain A. The protein concentration in the supernatant was determined using a BCA protein assay (Pierce, Rockford, IL, USA). Samples were subjected to 8-12% SDS-polyacrylamide gel electrophoresis, and the separated proteins were electrophoretically transferred to polyvinylindene difluoride membranes (Bio-Rad, Hercules, CA, USA). Blots were incubated with the primary antibody against Oct-4 (1 : 1000, a kind gift from Dr. Ying Jin), b-actin (1 : 3000, Sigma), IP 3 R1 (1 : 1000, Upstate, Lake Placid, NY, USA), IP 3 R2 (1 : 1000, Chemicon), IP 3 R3 (1 : 1000, BD Biosciences), Bax (1 : 1000, Cell Signaling Technology, Beverly, MA, USA), caspase-3 (1 : 1000, Cell Signaling Technology), or cytochrome c (1 : 1000, Santa Cruz Biotechnology). The membranes were then incubated with horseradish peroxidase-linked secondary anti-rabbit (Santa Cruz Biotechnology) or anti-mouse antibodies (Sigma). The immunoreaction was visualized with a chemiluminescent kit (Perkin-Elmer Life Sciences, Waltham, MA, USA).
Flow cytometry analysis. Cells (10 5 ) were washed with PBS and resuspended in 1-ml PBS, which contained anti-Flk-1 antibody (1 : 200, eBioscience), placed on ice for 30 min, followed by a single wash with 10 ml PBS. Phycoerythrin (PE)-conjugated anti-mouse immunoglobulin G antibody (1 : 1000, BD Biosciences) was used as a secondary antibody. Cells were analyzed by flow cytometry (FACStar Plus Flow Cytometer, Becton-Dickinson).
Statistical analysis. Data are expressed as mean ± S.E.M. The statistical significance of differences was estimated by one-way ANOVA or Student's t-test, when appropriate (SPSS 13.0 software, SPSS Inc. Chicago, IL, USA). Po0.05 was considered significant. 
